Mammalian tooth forms are produced during development by folding of the enamel epithelium but the molecular mechanisms involved in the formation and patterning of tooth cusps are not understood. We now report that several key signaling molecules found in well-known vertebrate signaling tissues such as the node, the notochord, the apical ectodermal ridge, and the zone of polarizing activity in the limb bud are specifically expressed in cells of the enamel knot, which is a transient cluster of dental epithelial cells. By comparing three-dimensional reconstructions of serial sections following in situ hybridization we localized Sonic hedgehog, Bone morphogenetic proteins-2, -4 and -7, as well as Fibrobtast growth factor-4 in nested domains within the enamel knot. We suggest that the enamei knot acts as a signaling or organizing center, which provides positional information for tooth morphogenesis and regulates the growth of tooth cusps.
Introduction
The existence of organizing centers that control vertebrate pattern formation was first revealed by classic grafting experiments (Spemann and Mangold, 1924; Tickle et al., 1975; Smith, 1993) . Such centers include the node, which initiates gastrulation (Beddington, 1993) , the notochord, which regulates dorso-ventral patterning of the neural tube (Yamada et al., 1993) , and the zone of polarizing activity (ZPA), which regulates anterio-posterior patterning in the limbs (Tabin, 1995) . The finding that they can be reciprocally replaced in grafts suggested similarities in the molecular basis of signaling in different embryonic fields (Hornbruch and Wolpert, 1986 ). This has been further supported by the discovery of the Sonic (vertebrate) hedgehog (Shh) gene, which is expressed in the node, notochord and ZPA, and which has been shown to fulfill many criteria of an endogenous morphogen (Echelard et al., 1993; Riddle et al., 1993; Roelink et al., 1994) . In organs undergoing budding and branching morphogenesis, such as glands, scales, feathers and teeth, localization of possible control centers using grafting experiments has been difficult because the manipulation interferes with their shapes. However, based on localized Fsf-4 expression and associations with cell proliferation, we have recently proposed that during tooth development, the epithelial enamel knot may regulate the growth of tooth cusps (Jernvall et al., 1994) . The enamel knot is a cluster of cells in the central part of the dental epithelium facing the dental mesenchyme. Although it was detected in developing cap stage teeth at the beginning of this century (Ahrens, 1913) , its function has been neglected and even its existence has been disputed (Butler, 1956) .
To further investigate the signaling properties of the enamel knot, we analyzed the expression patterns of Shh and six different Bmps (Bmp-2 to Bmp-7) in developing mouse molar teeth by in situ hybridization, and compared them with Fgf-4 expression and cell proliferation, which we have partially published earlier (Jernvall et al., 1994) . Computer-assisted three-dimensional reconstructions of the serial sections were carried out to facilitate the comparison of the expression domains of the different transcripts.
Results
In the bud stage (E13) tooth germ, Shh expression was localized at the tip of the epithelial bud (Fig. 1) . Although these cells showed some rearrangement, the enamel knot was not yet readily identifiable as a discrete morphological structure. Furthermore, cells in this area were withdrawn from the cell cycle, which was shown by lack of BrdU incorporation, in contrast to surrounding epithelial and mesenchymal cells, which continued to proliferate rapidly (Fig. 1) . During the cap stage (E14), the expression of Shh continued in the enamel knot which now was a morphologically discernible cluster of epithelial cells and did not incorporate BrdU (Fig. 1) .
Transcripts of Bmp-2 and Bmp-7 (osteogenic protein-1, Up-l) were also detected both at bud and cap stages in the area of the enamel knot in the dental epithelium (Fig.  1) . Bmp-4 transcripts were detected in the enamel knot only at the cap stage, and the gene was intensely expressed in the dental mesenchyme both at bud and cap stages as reported earlier ( Fig. 1 ; Vainio et at., 1993) . Bmp3, Bmp-5 and Bmp-6 were not detected in the dental epithelium (data not shown). As reported earlier, Fgf-4 expression was also initiated in the enamel knot cells during the cap stage ( Fig. 1 ; Niswander and Martin, 1992; Jernvall et al., 1994) .
The three-dimensional reconstruction of the serial sections confirmed the expression of the signal molecules in the enamel knot and also revealed some temporal and spatial differences in the expression domains of different transcripts (Fig. 2) . The expression domain of Bmp-2 correlated to that of Shh both at the bud and cap stages, and both correlated roughly with the distribution of nondividing cells, On the other hand, Bmp-7 expression extended beyond the area of Bmp-2 and Shh transcripts (and the enamel knot). Expression of Bmp4 started later (cap stage) in the enamel knot as compared to Bmp-2 and Bmp-7 (bud stage), and its expression domain covered only the distal half of the enamel knot. Although the expression of Fgf-4 and Bmp-4 were initiated at the cap stage, their expression domains did not correlate in the mesiodistal direction. Fgf-4 expression overlapped with (left) and cap (El4) (right) stages of mouse molar development. Transverse sections are from the region of the enamel knot (arrow). Lack of cell proliferation is seen in the enamel knot although intense cell proliferation is detected in other areas of the developing tooth. The expression domains of Shh and Bmp-2 cover the enamel knot. Bmp-4 is detected in the dental mesenchyme at bud stage, and it appears in the enamel knot at cap stage. Bmp-7 distribution extends beyond the enamel knot in the dental epithelium. Fgf-4 is not detected at bud stage but it is expressed in the central cells of the enamel knot at cap stage. de, dental epithehum; dm, dental mesenthyme; ek, enamel knot. the area of non-proliferating cells being, however, a few cell diameters smaller (Jernvall et al., 1994) .
Discussion
well as the patterning of tooth cusps. It can be expected that analogous centers are present in other epithelialmesenchymal organs as well, and indeed, there is recent evidence that this may be the case in developing feathers (Nohno et al., 1995) . In the vertebrate limb bud, the same molecules that are Decupentuplegic (dpp), which is related to vertebrate expressed in the enamel knot are present in two separate Bmp-2 and Bmp4, appears to function as a gradient morsignaling tissues: the apical ectodermal ridge (AER) and phogen regulated by Hedgehog (Hh) protein in Drosothe ZPA, which regulate proximodistal growth and anphila wing and leg imaginal discs (Basler and Struhl, teroposterior patterning, respectively (Tabin, 1995) . Fgf-4 1994). In the vertebrate limb, Shh regulates Bmp expresis restricted to the posterior AER (Niswander and Martin, sion (Laufer et al., 1994) . The expression domains of 1992; Suzuki et al., 1992) , whereas Shh is expressed in Bmp-2 and Bmp-7 in the enamel knot are in accordance the ZPA (Echelard et al., 1993) . Bmp-2, Bmp-4 and Bmpwith similar associations with Shh signaling. In addition, 7 are expressed in both AER and ZPA but only Bmp-2 some BMPs in the enamel knot may be involved in the transcripts are restricted to these areas (Francis et al., regulation of cell proliferation. In the developing limb, 1994; Lyons et al., 1995) . It has been recently shown that BMP-2 inhibits the stimulatory effect of FGF4 on cell the expression of the different signals is coordinately proliferation (Niswander and Martin, 1993) . We have regulated by positive feedback loops operating between recently localized apoptosis in the enamel knot AER and ZPA (Laufer et al., 1994; Niswander et al., (Vaahtokari et al., 199 .Q and we propose that apoptosis 1994). As the expression of all the signals present in AER may constitute a mechanism whereby the signaling funcand ZPA is confined to the enamel knot in the tooth, it is tions of the enamel knot are terminated. As BMP4 meconceivable that the enamel knot may regulate growth as diates apoptosis in rhombencephalic neural crest cells
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Complete de, dental epithelium; dm, dental mesenchyme; ek, enamel knot; jm, jaw mesenchyme. (Graham et al., 1993) , it may also be involved in the regulation of apoptosis in the enamel knot cells. In contrast, FGF4 acts presumably as a mitogen. In the AER of the limb, FGF4 is an epithelial signal stimulating mesenchymal cell proliferation and limb outgrowth (Cohn et al., 1995) . It also stimulates proliferation of dental epithelial and mesenchymal cells in vitro (Jernvall et al., 1994 ). As we have suggested earlier, FGF4 in the enamel knot may stimulate cusp growth, and the folding of cusp slopes may result from the lack of cell division in the enamel knot (Jernvall et al., 1994) .
Tooth morphogenesis is regulated by reciprocal epithelial-mesenchymal interactions ( Fig. 3 ; Thesleff et al., 1995) . As the enamel knot appears during the bud stage of development, it is not associated with initiation of tooth development. Tissue recombination studies have shown that during the bud stage, the potential to instruct tooth morphogenesis resides in the dental mesenchyme (Kollar and Baird, 1970) . Hence, we suggest that mesenchymal signals regulate the formation of the enamel knot, and that this initiates the shift from the bud to the cap stage and the formation of the tooth cusps. This is supported by recent findings in two mutant mouse lines in which tooth morphogenesis has been arrested prior to the shift from the bud to the cap stage (Satokata and Maas, 1994; Van Genderen et al., 1994) . Both disrupted genes, Msx-1 and LEF-1, are expressed during the bud stage in the dental mesenchyme in normal embryos (MacKenzie et al., 1991; Oosterwegel et al., 1993) .
It is generally thought, based on the results of tissue recombination experiments (Kollar and Baird, 1970; Mina and Kollar, 1987; Lumsden, 1988 ) that although the dental epithelium signals to the mesenchyme during the initiation of tooth development, it plays no instructive roles in the regulation of tooth shape thereafter. However, the expression of the signaling molecules in the enamel knot cells strongly suggests that the epithelium has important regulatory roles also during more advanced stages of tooth morphogenesis.
Some of the signal molecules in the epitbelial enamel knot probably exert influences on the mesenchyme. Earlier work from our laboratory indicates that during initiation of tooth development, epithelial-derived BMPs regulate the expression of the homeobox-containing genes Msx-1 and Msx-2 in the mesenchyme (Vainio et al., 1993) . On the other hand, the molecules in the enamel knot could act as planar signals within the epithelium. This is supported by the observations indicating that the expression of Bmp-2 and Shh spreads from the enamel knot along the inner enamel epithelium during early bell stage (Vainio et al., 1993; our unpublished observations) .
We have shown earlier that secondary enamel knots, which express Fgf-4, appear at the sites of the tips of additional cusps in molar teeth of the mouse (Jernvall et al., 1994) , and we propose that signals from the primary enamel knot regulate the formation of cusps by directing the formation of the secondary enamel knots. In summary, we propose that the enamel knot is a signaling center providing positional information for the development of the tooth crown. Based on our results, it is also tempting to speculate that slight temporal variations (heterochronies; Jernvall, 1995) in the functions of the enamel knot may be involved in the evolution of the characteristic tooth morphologies in different mammalian species.
Experimental procedures
I. Preparation of tissues
Regions of the lower molars were dissected from E13-El4 (vaginal plug = day 0) mouse embryos (CBA X NMRI for Shh and Bmp in situ hybridization, CBA X C57BL for F&in situ hybridization and BrdU labeling), and fixed in 4% paraformaldehyde for in situ hybridization and in 70% ethanol for the cell proliferation assay. The tissues were embedded in paraffin and serially sectioned.
Cell proliferation assay
5-Bromo-2'-deoxyuridine (BrdU, 1.5 ml/l00 g, Boehringer Mannheim) was administrated to etherized mice, which were sacrificed after 2 h (Jernvall et al., 1994) . The experiments were approved by the Animal Welfare Committee of the University of Helsinki. Cell proliferation was localized in sections by using immunohistological detection of S-phase cells with incorporated BrdU as described earlier (Vainio et al., 1991) .
In situ hybridization
In situ hybridization for serial paraffin sections was performed as described by Vainio et al. (1993) . The RNA probes used were synthesized from a 2.6 kb rat Shh cDNA fragment inserted into the Bluescript SK+ vector (Stratagene), from a 240 bp murine Bmp-2 EcoRI-Hind111 cDNA fragment (nucleotides 2972-3212) inserted into the pGEM3 vector (Promega), from a murine 39 bp Bmp-3 EcoRI-Hind111 cDNA fragment (nucleotides 3138-3529), from a murine 285 bp Bmp-4 PstI-EcoRI cDNA fragment (nucleotides 3022-3307) inserted into the pGEM3 vector (Promega), from a murine 220 bp Bmp-5 BamHI-EcoRI cDNA fragment (nucleotides 2957-3 177), from a murine 190 bp Bmp-6 EcoRI-Hind111 cDNA fragment (nucleotides 2927-3117), from a murine 220 bp
Bmp-7
EcoRI-Hind111 cDNA fragment (nucleotides 2957-3177) inserted into the pGEM3 vector (Promega), and from a 620 bp Fgf-4 cDNA fragment inserted into the Bluescript vector (Stratagene).
Three-dimensional computer reconstructions
Three-dimensional computer reconstructions were done of serial paraffin sections as described earlier (Jernvall et al., 1994) . Silver grain clusters of more than 2.0pm2 in area (about five grains) were used to delineate the domains of gene transcripts from bright field images. One digitized shape was used for all illustrations.
